The study of human B cell tolerance has been hampered by difficulties in identifying a sizable population of autoreactive B lymphocytes whose fate could be readily determined. Hypothesizing that B cells expressing intrinsically autoreactive antibodies encoded by the VH4-34 heavy chain gene (VH4-34 cells) represent such a population, we tracked VH4-34 cells in healthy individuals. Here, we show that naive VH4-34 cells are positively selected and mostly restricted to the follicular mantle zone. Subsequently, these cells are largely excluded from the germinal centers and underrepresented in the memory compartment. In healthy donors but not in patients with systemic lupus erythematosus (SLE), these cells are prevented from differentiating into antibody-producing plasma cells. This blockade can be overcome ex vivo using cultures of naive and memory VH4-34 cells in the presence of CD70, IL-2, and IL-10. VH4-34 cells may therefore represent an experimentally useful surrogate for autoantibody transgenes and should prove valuable in studying human B cell tolerance in a physiological, polyclonal environment. Our initial results suggest that both positive and negative selection processes participate in the maintenance of tolerance in autoreactive human B cells at multiple checkpoints throughout B cell differentiation and that at least some censoring mechanisms are faulty in SLE.
Introduction
Understanding the mechanism(s) responsible for immunological tolerance in the B cell compartment is a fundamental question in immunology (1, 2) . Transgenic models have been instrumental in understanding murine B cell tolerance (3) (4) (5) (6) (7) (8) (9) (10) by providing a homogeneous population of transgenic B cells of predetermined antigenic specificity, which enables investigators to ascertain the mechanisms of positive and negative selection that regulate autoreactive B cells. In these models, tolerance can be mediated by mechanisms that operate at multiple checkpoints throughout B cell development including clonal anergy, clonal deletion, and receptor editing (11) (12) (13) ).
Yet, a great need for experimental approaches to the study of human B cell tolerance still exists. First, discrepancies between human and mouse B cell biology are well demonstrated by the different consequences that the loss of the Bruton's tyrosine kinase, intimately involved in B cell development and regulation, has in xid mice and XLA patients (14) . Second, the physiological relevance of transgenic models suffers from the distortion of the B cell repertoire and the inherent lack of competition with nonautoreactive B cells, which may be essential for some selection processes (15, 16).
The major stumbling block for the study of human B cell tolerance has been the identification of a sizable and homogeneous, autoantigen-specific B cell population whose fate and functional properties could be readily analyzed. We hypothesized that B cells expressing antibodies encoded by the VH4-34 heavy chain variable region gene (VH4-34 cells) could fulfill these requirements. Indeed, VH4-34-encoded antibodies (VH4-34 antibodies) are intrinsically autoreactive without requiring somatic mutation and independently of the associated light chains. The VH4-34 gene (formerly designated as VH4-21) (17) invariably conveys reactivity for conserved carbohydrate self-epitopes displayed at high density on red blood cells (RBCs) and other cell types. Virtually all VH4-34 IgM mAb's recognize the I/i RBC determinants that constitute the antigenic target of pathogenic autoantibodies in coldagglutinin (CA) disease (18) (19) (20) . Strikingly, VH4-34 is a mandatory component of pathological anti-I/i cold agglutinins whether in idiopathic CA disease, lymphoproliferative disorders, or after infection with EpsteinBarr virus (EBV) or Mycoplasma pneumoniae (21) (22) (23) (24) (25) .
These properties suggest that in order to prevent autoimmune disease, VH4-34 cells must be tightly regulated. Consistently, serum levels of VH4-34 antibodies account for only 0.5% of circulating Ig in normal donors but are elevated in patients with active systemic lupus erythematosus (SLE) (26) . Moreover, in SLE serum VH4-34 antibodies correlate well with disease activity and visceral involvement and these antibodies can be found in kidney eluates (27) (28) (29) . The inherent pathogenic potential of VH4-34 is further emphasized by the fact that, despite its disproportionate contribution to pathogenic autoantibodies, this variable region gene is not utilized in conventional protective antibodies (30) (31) (32) (33) .
In this study, we have tracked the expression of the VH4-34 gene segment throughout B cell differentiation. Our results demonstrate that VH4-34 cells are censored at multiple checkpoints during B cell development and are absent from the plasma cell (PC) compartment of healthy individuals but highly expressed in SLE plasma cells. Accordingly, we propose that inherently autoreactive VH4-34 cells can be viewed as a surrogate for autoantibody transgenes for the study of human B cell tolerance.
Methods
Antibodies and reagents. Antigen-presenting cell-conjugated (APC-conjugated) CD19 (SJ25C1), phycoerythrin-conjugated (PE-conjugated) CD27 (L128), streptavidin-PerCP (Becton-Dickinson Immunocytometry Systems, San Jose, California, USA); biotin-conjugated IgD (IA6-2), FITC-conjugated IgD (IA6-2), PE-conjugated CD38 (H1T2), FITC-conjugated CD20 (2H7), PE-conjugated CD23 (M-L233) (PharMingen, Los Angeles, California, USA); streptavidin-PE-Cy5 (DAKO Corp., Carpinteria, California, USA); PE-conjugated goat anti-rat IgM, PE-conjugated anti-κ and anti-λ F(ab′)2 (Southern Biotechnology Associates, Birmingham, Alabama, USA); goat anti-mouse IgG Alexa 488 (Molecular Probes Inc., Eugene, Oregon, USA). VH4-34 antibodies were detected with the rat monoclonal antiidiotypic antibody 9G4 (kindly provided by F.K. Stevenson, Tenovus Research Laboratories, Southampton, United Kingdom). The 9G4 antibody binds a crossreactive idiotype (CRI) that has been localized to the first framework region (FR1) of Ig heavy (H) chains encoded by the VH4-34 gene segment (34) . Other VH4 antibodies were identified with mouse mAb LC1 that binds a CRI encoded by a subset of VH4 genes that does not include VH4-34 (35) . Control VH3 antibodies were detected with avian monoclonal anti-idiotypic antibody LJ26, a recombinant single-chain Fv antibody specific for VH clan III products that recognizes the highly conserved framework regions FR1 and FR3 (36) .
Human samples. Peripheral blood (PBL), bone marrow, and tonsil samples were obtained from healthy donors according to protocols approved by the University of Rochester Medical Center (URMC) Institutional Review Board. Only PBL was obtained from SLE patients. Patients were selected from the URMC Lupus Clinic if they had a clinical diagnosis of SLE and fulfilled four or more American College of Rheumatology criteria for the classification of SLE, had a SLEDAI index of 10 or more, and were treated with only antimalarials and/or low-dose prednisone (<10 mg/day) at the time of venipuncture.
B cell isolation. Heparinized PBL was collected from healthy donors and SLE patients. PBL B cells were obtained by magnetic positive selection using CD19 Microbeads (Miltenyi Biotec, Auburn, California, USA). Tonsils were obtained from 2-to 10-year-old patients after routine tonsillectomy. Tonsillar suspensions were subjected to one round of T cell depletion using 2-AET-SRBC (Colorado Serum Co., Denver, Colorado, USA). The resulting cells (> 98% CD19 + ) were used for phenotypic analysis by flow cytometry via a FACSCalibur or for sorting using a FACSVantage (both, Becton Dickinson Immunocytometry Systems, Mountain View, California, USA).
Plasma cell isolation. Bone marrow and tonsillar mononuclear cells isolated through a Ficoll-Paque gradient were labeled with CD138 (Syndecan-1) microbeads and positively selected on a MACS column (Miltenyi Biotec). The selected fractions were cytocentrifuged onto glass slides, dried and labeled for phenotypic analysis. PBL plasma cells from SLE patients were merely concentrated from the mononuclear cell layer by cytocentrifugation without previous positive selection.
Ex vivo culture of tonsil B cells and immunofluorescence detection of cytoplasmic ig's. Wells containing 1 × 10 6 sorted IgD + /CD27 -(naive) or IgD -/CD27 + (memory) tonsil B cells were cultured for 3 days with 10 5 irradiated CD154-transfected mouse fibroblasts and 10 U/ml of IL-2 (Peprotech Inc., Norwood, Massachusetts, USA) at 37°C with 5% CO 2 . Viable cells were then cultured for 7 days with 10 5 irradiated CD70/300-19 murine pre-B cells plus 10 U/ml of IL-2 and 100 ng/ml of IL-10 (Peprotech Inc.). The CD70/300-19 cell line was kindly provided by C. Morimoto (Dana Farber Cancer Institute, Boston, Massachusetts, USA). Subsequently, the cells were analyzed via FACSCalibur. Plasma cells were identified in preliminary experiments by accepted surface phenotypes including CD38 ++ /CD20 Lo and (CD19 + , CD138 + , CD27 ++ ), and their identity was confirmed by conventional morphological appearance under Giemsa staining (37) (38) (39) . Given that virtually identical results were obtained with both surface phenotypes, only the CD38/CD20 scheme was systematically used for the experiments described here. Postculture plasma cells were sorted and analyzed for cytoplasmic antibodies. Briefly, 10 5 cells were cytocentrifuged, fixed with 2% paraformaldehyde, and labeled with anti-κ/λ F(ab′)2-PE and anti-CRI antibodies (9G4-FITC or LJ26-biotin/streptavidin-FITC). The slides were analyzed by fluorescence microscopy (Olympus BX40, Olympus America Inc., Melville, New York, USA), and digitized images were stored on disk. Cells displaying intense PE cytoplasmic staining and typical morphology were counted as plasma cells. After counting a minimum of 500 plasma cells per culture, the frequency of VH4-34-expressing plasma cells was calculated as the percent of PE + plasma cells that also displayed intense 9G4-FITC staining.
Immunocytochemistry studies. Tonsils were stained using a DAKO Corp. LSAB2 system according to the manufacturer's instructions. Briefly, 6-µm-thick acetone-fixed cryostat sections were incubated at room temperature for 10 minutes with primary antibodies (anti-CD20 antibody DAKO N1502, anti-CD3 antibody DAKO M0835, 9G4 or LC1). After rinsing with 1X PBS, sections were incubated for 10 minutes at room temperature with biotinylated anti-mouse or anti-rat Ig secondary antibodies, rinsed again, incubated with DAKO streptavidinperoxidase reagent for an additional 10 minutes, and developed using a diaminobenzidine chromogen solution for 10 minutes at room temperature. The slides were counterstained with hematoxylin for 2-5 minutes.
Flow cytometric analysis. Tonsil B cells were separated into three subsets: sIgD + /CD38 -cells (naive: Bm1 and Bm2), sIgD -/CD38 + cells (germinal center: Bm3 and Bm4), and sIgD -/CD38 -cells (memory: Bm5) (40) . To that end, the cells were labeled with CD38-PE/IgDbiotin followed by streptavidin-PE-Cy5 and 9G4-FITC (for VH4-34 antibodies) or CD38-PE/IgD-FITC and LJ26-biotin followed by streptavidin-PE-Cy5 (for VH3 antibodies) and analyzed with a FACSCalibur as described elsewhere (41) . Naive cells were further fractionated into Bm1 and Bm2 by expression of CD23, and germinal center cells were classified as Bm3 or Bm4 based on the expression of CD77. Briefly, cells were stained with CD38-cychrome and IgD-biotin/streptavidin-APC followed by CD23-PE or CD77-PE, and 9G4-FITC or CD38-cychrome and IgD-FITC followed by CD23-PE or CD77-PE and LJ26-biotin/streptavidin-APC and analyzed via FACSCalibur.
To detect potential differences in the global level of surface immunoglobulin (sIg) on each specific subset, cells were labeled with CD38-PE and IgD-biotin/streptavidin-PE-Cy5 followed by anti-κ/λ F(ab′) 2 -PE antibodies. To determine the relative intensity of sIg on VH4-34 and VH3 populations, the cells were stained with CD19-PE and either 9G4-FITC or LJ26-biotin/streptavidin-FITC. Moreover, histogram analysis of the frequency of VH4-34 cells in each B cell subset was performed in parallel with appropriate isotype control antibodies. In all cases, the gates were set so that 0.5-1.0% of cells stained with isotype control fell to the right of the cursor. This maneuver ensures that any cells staining weakly with 9G4 were considered as positive in the final analysis. Given the large numbers of VH3 cells present in all compartments, gates for the LJ26 histograms were set by visual inspection.
PBL B cells were fractionated into naive cells (CD27 -/IgD + ) and memory cells (CD27 + /IgD -or CD27 + /IgD + ) (42) . Briefly, purified B cells were labeled with CD19-APC, CD27-PE, and either IgD-biotin/streptavidin-PerCP/9G4-FITC or IgD-FITC/LJ26-biotin/streptavidin-PerCP and analyzed on a FACSCalibur.
To detect intracellular expression of antibody, cells were fixed with 2% paraformaldehyde, permeabilized with buffer containing 0.1% saponin, and labeled with 9G4-FITC or LJ26-biotin/streptavidin-PE-Cy5.
Statistical significance was assessed using nonparametric Mann-Whitney U tests with the GraphPad Prism software (GraphPad, San Diego, California, USA). The CellQuest software (Becton Dickinson Immunocytometry Systems) was used to calculate the frequencies of B cell subsets.
PCR. Genomic DNA was isolated using the EasyDNAKit (Invitrogen Corp., Carlsbad, California, USA) from tonsil B cells, the Ramos B cell lymphoma (which expresses a rearranged VH4-34 IgM) and the Jurkat acute T cell leukemia. Genomic DNA served as template for the amplification of VH4-34-D-J H -specific gene rearrangements. For each sample, 33, 100, and 300 ng of genomic DNA were amplified using a primer specific for the leader intron of VH4-34 (5′-CCAGACGTGAA-GATATGGGA-3′) and two J H primers that anneal with more than 98% identity to all 12 allelic forms of the six human J H genes (5′-TGAGGAGACRGTGACCAGGGT-3′ and 5′-TGAAGAGACGGTCATTGT-3′). Amplification consisted of an initial denaturation step of 2 minutes at 94°C followed by 20-35 cycles of 1 minute at 94°C; 1.5 minutes at 60°C; and 1.5 minutes at 72°C; with a final extension step of 4 minutes at 72°C. Amplified products were visualized by electrophoresis through 2% Nusieve agarose containing 1 µg/ml ethidium bromide. The PCR product signal was quantified by densitometry using Eagle Eye II/EagleSight software (Stratagene, La Jolla, California, USA).
Results
In healthy individuals, VH4-34 cells are predominantly expressed in the naive repertoire and are underrepresented in the germinal center and memory compartments. Based on our working hypothesis, intrinsically autoreactive VH4-34 cells should be censored during B cell development. Previous studies estimated that 2-10% of total B cells express VH4-34. However, these studies were at best semiquantitative PCR assessments of the frequency of VH4-34 in Cµ and Cγ transcripts and did not differentiate among discrete B cell subsets (26, 43, 44) . To elucidate this issue we examined the distribution of VH4-34 cells within purified tonsillar B cell subsets and determined that, on average, 80-90% of VH4-34 cells had a naive (N) phenotype, compared with 5% and 7% with a germinal center (GC) and memory (M) phenotypes, respectively ( Figure 1 and Table 1 ). VH4-34 cells made up to 10% of tonsil naive B cells, but only 0.5-2.0% of germinal center and memory B cells. Similar distributions were observed in the PBL naive and memory compartments. As opposed to VH4-34 cells, the relative frequency of B cells expressing VH3 genes was conserved across the different developmental compartments ( Figure 1, a and b) . Thus, LJ26 + cells represented approximately one third of total tonsil N cells, one fourth of GC cells, and up to one half of M cells.
Tonsil naive B cells include a virgin subset (Bm1) and a ligand selected subset (Bm2), the latter population being characterized by the acquisition of surface CD23 (40) . Analysis of these subsets revealed an statistically significant expansion (up to fourfold) of VH4-34 cells from the Bm1 to Bm2 stage ( Figure 2a and Table 1) . It thus appears that VH4-34 cells are preferentially found and even positively expanded within the naive compartment. These findings were corroborated by immunocytochemical staining of tonsils that showed 9G4 + cells to be concentrated in the follicular mantle and largely excluded from the germinal center structures ( Figure 2b ). This anatomical restriction was conserved in 50 individual germinal centers obtained from two independent tonsils. In contrast, B cells expressing surface VH4-encoded antibodies recognized by the anti-idiotype LC1 were found in 40% of all germinal centers studied.
The first caveat is that the GC subset contains both sIg -centroblasts (Bm3) and sIg + centrocytes (Bm4), and, therefore, surface staining would not detect the sIgfraction of this population (40) . To address this problem we analyzed four independent samples of GC cells for their expression of sIg using anti-light chain antibodies and found that only 10-16% of this population was negative for sIg (data not shown). This observation would be consistent with a relative scarcity of ongoing GC reactions in donors without acute tonsillitis and suggests that sIg -GC cells did not significantly impact our results. Furthermore, intracellular staining of total B cells with 9G4 yielded similar results to those obtained by surface staining (Figure 1e) . Finally, when GC cells were subdivided into the Bm3 and Bm4 subsets, intracellular staining demonstrated that VH4-34 cells represent less than 1% of the sIg -Bm3 subset ( Table  1 ). The second caveat is that the GC and M subsets could contain VH4-34 cells that no longer express the 9G4 idiotype as a result of somatic hypermutation. Indeed, somatic mutation does occur outside the conventional antigen-binding site and can also affect the framework regions. Yet several lines of evidence strongly argue against this possibility. (a) It has been previously reported that the 9G4 idiotype is highly tolerant to somatic point mutations (31, 45) . (b) Similar reductions to the ones observed for 9G4 were not detected in our experiments for two other idiotypes that should have been equally affected by somatic hypermutation (LJ26 and LC1). Indeed, as discussed above, we frequently found LC1 + germinal centers in the absence of 9G4 + cells. (c) Given that 9G4 + plasma cells were readily detected in patients with SLE but absent in normals (see below), it is highly unlikely that their absence in healthy subjects would result from failure to detect a mutated idiotype. Finally, we determined by PCR the relative expression of rearranged VH4-34 in genomic DNA extracted from the different B cell subsets (Figure 1f) . The PCR results parallel the flow cytometry data and are consistent with a significantly reduced frequency of VH4-34 cells in GC and M subsets. As an additional control, we also tried to amplify V(D)J rearrangements containing VH4-34 from sorted 9G4 -M cells and obtained a very faint band only after 45 cycles of amplification, a result consistent with either a very low frequency of 9G4 -/VH4-34 + M cells or with a low level of contamination with 9G4 + cells (data not shown).
VH4-34 is absent from bone marrow and tonsil plasma cells of healthy individuals.
Despite the substantial representation of VH4-34 cells in the peripheral B cell compartment, VH4-34 antibodies contribute on average less than 0.5% of serum IgM and IgG (31, 43) . This discrepancy could be explained by postulating that VH4-34 cells are prevented from differentiating into antibodysecreting plasma cells (PCs). Indeed, this hypothesis would be consistent with the observation that VH4-34 has never been found expressed in multiple myelomas (46) . However, the expression of VH4-34 in normal PCs has never been formally tested. Therefore, we analyzed approximately 5,000 bone marrow PCs from 12 healthy donors (an average of 400 PCs per donor) without finding a single instance of cytoplasmic expression of VH4-34 antibodies (Figure 3) . In contrast, control antibodies encoded by other VH4 genes or by VH3 genes were expressed by 17-23% and 25-33%, respectively, of all PCs analyzed. Similar results were obtained from 1,200 tonsillar PCs from three donors (an average of 400 PCs per donor) selected on the basis of their surface expression of CD138. Despite the complete absence of expression of VH4-34, control VH4 and VH3 antibodies were expressed in 4-7% and in 15-22% respectively of tonsillar PC. Our results suggest the presence within a healthy immune environment of a final checkpoint that prevents terminal differentiation of residual autoreactive VH4-34 B cells. Presumably, bone marrow samples contain a higher frequency of late, long-lived plasma cells, whereas tonsils would have mostly early, short-lived plasma cells (47) . Therefore, our results would be consistent with an early block in PC differentiation. The mechanism(s) responsible for this block is still unknown, both in humans and mice, but it might include autoantigen-mediated effects and/or T cell-dependent mechanisms (11) .
VH4-34 is present in plasma cells of patients with SLE.
It has been shown that elevated serum levels of VH4-34 antibodies are found in 70% of lupus patients and correlate with disease activity (27, 29) . Therefore, we studied SLE patients to determine whether in an autoimmune environment VH4-34 cells are allowed to differentiate into plasma cells. Early plasma cells are readily found in the PBL of active SLE patients and most likely represent the initial progeny of activated B cells mobilized from secondary lymphoid organs on their way to the bone marrow (37, 39) . Of approximately 1,600 PCs analyzed from eight donors (an average of 200 per donor), 5-20% were shown to contain VH4-34 antibodies, which were in vir- tually all instances of the IgG isotype ( Figure 3 ). In contrast, in keeping with previous studies showing that increased serum 9G4 levels are 95% specific for SLE and are absent from other autoimmune diseases including Sjögren syndrome (27, 29) , PBL PCs from four rheumatoid arthritis patients were also devoid of VH4-34 antibodies (data not shown). These findings are consistent with the notion that the autoimmune process underlying SLE results in a disruption of the censoring mechanisms that normally prevent autoreactive B cells, in this case represented by VH4-34 cells, from differentiating into plasma cells that autonomously secrete large amounts of autoantibodies. Furthermore, the preferential production of IgG antibodies by VH4-34 lupus plasma cells would explain the fact that cold agglutinininduced hemolytic anemia is rare in SLE (48) .
Normal VH4-34 cells can differentiate into plasma cells ex vivo.
The intrinsic differentiation potential of VH4-34 cells was tested ex vivo under culture conditions that have been shown to induce plasma cell development (38, 49) . First, tonsil B cells were sorted into either N or M B cells and cultured for 2-3 days with CD154-transfected murine fibroblasts in the presence of IL-2. This step induces the activation of naive cells, which can result in a slight induction of surface CD27. Subsequently, CD154-expressing adherent cells were eliminated, and the cultures were continued for 5-7 days with CD70-expressing murine pre-B cells in the presence of IL-2 and IL-10. The CD70-CD27 interaction plays an important role in B cell activation and has been shown to increase the percentage of cells with a plasma cell phenotype (38) .
Our results (Figure 3 ) reveal that B cells cultured under these conditions do indeed generate cells with the morphologic appearance and the phenotypic profile of plasma cells (CD38 hi /CD20 lo ) (37) . Based on five independent tonsils, postculture frequencies were significantly higher than baseline values, thus indicating successful de novo generation of plasma cells from both naive and memory cell cultures. As expected, significantly higher numbers of plasma cells were obtained from memory cells than from naive cells (mean % ± SD: 33.16 ± 3.12 and 6.0 ± 1.78, respectively; P < 0.001). The percent of plasma cells obtained with naive cell cultures was also significantly higher than the preculture values (2.08 ± 0.49; P < 0.01). Consistently with the relative abundance of VH4-34 cells in the naive and memory subsets, a higher frequency of plasma cells expressed cytoplasmic VH4-34 antibodies in naive cultures than in memory cultures (15 ± 2.0 and 5.2 ± 1.3, respectively; P = 0.01).
Discussion
Our results support the concept that in a healthy immune system the majority of VH4-34 cells are concentrated in the N repertoire, are scarcely represented in the GC and M cell compartments, and are excluded from the PC compartment. This skewed distribution was not
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The observed in control VH3 B cells nor in cells expressing other VH4 antibodies. We believe that this difference reflects the unique properties of the VH4-34 gene segment. Indeed, VH4-34 encodes pathogenic autoantibodies in the germline configuration without the contribution of somatic mutation and to a large extent independently of somatically generated third hypervariable regions (HCDR3) and of associated light chains. These properties would endow early VH4-34 cells with a rather homogeneous phenotype rendering them susceptible to selection through interaction with ubiquitous self-antigens such as the I/i epitopes abundantly expressed in RBCs as well as in lymphocytes and other tissues (50) (51) (52) (53) . This notion would be consistent with the observation that in healthy individuals, VH4-34 antibodies are not selected during the T ell dependent, antigen-driven maturation of protective immune responses (30) (31) (32) (33) . In contrast, as a whole, the human antibody repertoire is characterized by the repeated utilization of a handful of "conventional" VH genes that are utilized both by protective and autoimmune responses alike, with the ultimate antigenic reactivity being determined by the presence of specific HCDR3 regions, antigen-driven somatic mutations, and associated light chains (30, 32, 54) . As a consequence, autoreactive B cell clones expressing most VH genes should represent a minor fraction of the global antibody repertoire encoded by those genes; therefore their elimination would not result in significant quantitative changes. The identification of a regulated human B lymphocyte subset with intrinsically autoreactive properties raises a number of interesting questions and establishes an experimental system that enables investigators to study the mechanisms of B cell tolerance in a physiological, polyclonal environment. While it might have been expected that a gene with great pathogenic potential should have been deleted over evolutionary time, VH4-34 is not only universally present in the human germline without any polymorphism, but it is also highly expressed in the preimmune B cell repertoire (17) . Thus, we found that the expression of VH4-34 (one of 50 functional genes in the VH locus) in the N is higher than it would expected in a stochastic model based on genomic complexity. Our observation of a significant expansion of N VH4-34 cells in the Bm2 subset (which contains activated, ligand-selected cells) strongly suggests that positive selection could account for such overrepresentation. Positive selection of VH4-34 cells would require an explanation regarding the mechanisms and purpose of expanding a potentially pathogenic population and would also demand the existence of concurrent safety mechanisms to prevent the development of overt autoimmunity.
Even in transgenic mice, the process of positive selection remains to be conclusively defined. However, several studies strongly suggest a role for positive selection in the B cell compartment (55) (56) (57) (58) (59) (60) . More conclusively perhaps is the recent demonstration that anti-Thy-1 antibodies are positively selected in Thy-1 transgenic mice (61) . These models postulate that strong signaling triggered through engagement of the B cell receptor complex by high-density multivalent antigens may induce differentiation into the B1 lineage (60, 62) . In the mouse, it has been proposed that antigen-induced differentiation into long-lived peritoneal B1 cells and expression of CD5 may help maintain tolerance in autoreactive B cells (63) .
Interestingly, most of the aforementioned examples of positive selection involve self-reactive B1 cells and natural autoantibodies that recognize carbohydrate determinants and play an important role in natural immunity. Of note, VH4-34 antibodies appear to share many such features, including their preference in germline configuration for carbohydrates expressed at high density, and their preferential expression as IgM antibodies in either EBV and Mycoplasma pneumoniae infections, in idiopathic CA disease, and in lymphoid malignancies. It is therefore tempting to speculate that the underrepresentation of VH4-34 cells in germinal centers and germinal center-derived B cells and plasma cells could be the result of their positive selection into a separate anatomic and functional compartment, perhaps a human "B1-like" compartment. Such interpretation is consistent with the observation that VH4-34 antibodies are frequently made by human cord blood CD5 + B cells but are absent from CD5 -cells (64) . Yet, this dichotomy is not preserved in the adult and singlecell PCR analysis of adult IgM B cells has demonstrated similar expression of VH4-34 in CD5 + and CD5 -cells (65) . CD5, however, may not be a good marker of B1 cells in many species, and human CD5 + B cells differ from their murine counterpart in several aspects including the presence of somatic mutations and the expression of junctional diversity (66, 67) . Elucidation of this issue therefore will require a clearer working definition of human B1 cells.
Alternatively, VH4-34 cells could be positively selected by either microbial or self-antigens into the spleen marginal zone (MZ), as it has been demonstrated in VH81X transgenic mice (57) . Similar to our results with 9G4, transgenic VH81X B cells are mostly (albeit not completely) absent from the germinal centers, and the idiotype preferentially expressed by MZ cells (VH81X/Vκ1C) cannot be detected in serum or in mature plasma cells.
In the current study, we found that VH4-34 cells accumulate as Bm2 naive cells in the mantle zone of tonsillar secondary follicles. To the best of our knowledge, the differentiation potential of human Bm2 cells remains to be formally tested, but, presumably, they become part of the recirculating follicular cell pool from which MZ B cells are recruited (68) . Indeed, the known biologic properties of MZ B cells would make them prime candidates to account for the fact that up to 86% of patients infected with Mycoplasma pneumoniae experience a fast production of IgM anti-I cold agglutinins lasting less than 4 weeks (69-71). Along with our culture experiments, these observations strongly suggest that VH4-34 cells persist at a substantial level in the functional repertoire of healthy individuals and that under appropriate stimulation they are capable of generating vigorous but self-limited plasma cell responses. Experiments are currently under way in our laboratory to determine the distribution of VH4-34 cells in the different compartments of the spleen.
We propose a beneficial role for VH4-34 antibodies in the normal homeostasis of the immune system. Although the ultimate reason for its positive selection is still unknown, important clues are available. Thus, while virtually all VH4-34 mAb's recognize RBC carbohydrate antigens, many such antibodies cross-react with other nonprotein antigens such as bacterial LPS, DNA, and tumor gangliosides (72) (73) (74) . In our working model, one could envision surface VH4-34 antibodies as a type of innate receptor that could recognize repetitive patterns present in self-and microbial antigens (75, 76) . Under conditions that provide strong stimulation these cells could differentiate into MZ cells and play a protective role either by clearing self-antigens, by swiftly reacting with bacterial antigens or by maintaining peripheral T cell tolerance through the presentation of self-antigens. The required stimulation could be provided by several factors including the nature of the antigen and the engagement of appropriate coreceptors and signaling pathways (77) . The highest expression of the B cell-specific Toll-like receptor RP105, which is required for responsiveness to LPS via TLR4, is found in humans in the mantle zones where VH4-34 cells are concentrated, suggesting that innate receptors may play a role in selecting these cells (78) . On the other hand, these cells would have to walk a tight rope to avoid being recruited into the T cell-dependent B2 memory repertoire with the potential to produce autoimmune disease (76, 79, 80) . Indeed, it could be envisioned that intrinsic B cell abnormalities might push these cells through an undesired and detrimental differentiation pathway in patients with SLE.
Our results do not exclude negative selection as a complementary mechanism of tolerance. By analogy with mouse studies, several processes including follicular exclusion, lack of T cell help, desensitization of antigen receptor signaling due to chronic occupancy by self-antigen, and Fas-dependent killing by CD4 + T cells could be involved in the censoring of autoreactive VH4-34 N cells that do not enter the MZ differentiation pathway (11) . In fact, negative selection may be required to explain how germinal center and memory VH4-34 cells that escape earlier checkpoints are prevented from differentiating into plasma cells.
In summary, we have defined a B cell population that satisfies the experimental postulates that have allowed the study of B cell tolerance in transgenic animals. These postulates include the presence of intrinsic autoreactivity in a sizable fraction of the B cell repertoire and the availability of specific reagents that permit accurate, quantitative tracking of the distribution and fate of the autoreactive B cells. Our results provide the first example of a human B cell subset that appears to be exquisitely regulated by anatomical and functional compartmentalization and contribute the first delineation of the checkpoints involved in the control of VH4-34 cells. It remains for future studies to explore the specific mechanisms that operate at those checkpoints.
This experimental system should enable investigators to examine in detail the mechanisms of human B cell tolerance and its malfunction in autoimmune diseases such as SLE.
